ABSTRACT This study was conducted to determine the effect of Ascaridia galli infection on free-range laying hens. Lohmann Brown laying hens (n = 200) at 17 wk of age were allocated to 4 treatment groups (n = 50 per group), each with 5 replicate pens of 10 hens. Hens in 3 treatment groups were orally inoculated with different doses of embryonated A. galli eggs: low (250 eggs), medium (1,000 eggs), and high (2,500 eggs) levels, whereas hens of the control group were not infected. Infection levels were monitored using excreta egg counts and mature A. galli worm counts in the intestine. Anti A. galli antibody titers (IgY) in the serum were measured prior to infection, and at 6, 11, 15, and 20 wk post infection (PI) and in egg yolk at 11 and 20 wk PI. Parameters evaluated included feed intake, egg production, egg weight, egg mass, FCR, liver weight, liver fat, and intra epithelial immune cell infiltration. The results showed no difference in feed intake, body weight, or FCR among any treatment groups (P > 0.05). Egg production was lower in the low infection group compared to other groups at 20 wk of age (P < 0.01). Serum IgY was higher in the infected groups' hens at 20 wk PI compared to control group hens (P < 0.01). Yolk IgY increased significantly over time and was higher in infected hens compared to hens of the control group at 11 and 20 wk PI (P < 0.001). No differences were observed in liver lipid content or intraepithelial lymphocytes infiltration among treatment groups. Ascaridia galli eggs in the coprodeum content and adult A. galli worm count were higher in infected hens compared to hens of the control group (P < 0.01).
INTRODUCTION
Ascaridia galli has been reported to be one of the most prevalent (22 to 84%) helminth parasites in freerange laying hens (Sherwin et al., 2013; Thapa et al., 2015) . This parasite can alter the performance of laying hens by reducing growth rate and egg production, and increasing the feed conversion ratio (FCR) (Ikeme, 1971; Ramadan and Abou Znada, 1991; Dahl et al., 2002; Permin et al., 2006; Gauly et al., 2007) . A. galli can modulate the immune response of the host, subsequently increasing susceptibility to bacterial infections (Dahl et al., 2002; Permin et al., 2006; Pleidrup et al., 2014) .
Avian immunoglobulins consist of 3 classes; IgY, IgM, and IgA (Rose et al., 1974; Kowalczyk et al., 1985) . IgY is the most common antibody isotype found in the circulatory system of laying hens, and is most similar to mammalian IgG (Kowalczyk et al., 1985; Lundqvist et al., 2006) . In chickens, serum IgY is transported to the egg yolk by a selective IgY transport system in ovarian follicles. Yolk IgY can confer passive immunity to the developing embryo until chicks are able to generate their own humoral immune response (Kowalczyk et al., 1985) . The yolk IgY, absorbed in fetal circulation during incubation, can protect the offspring post hatching (Kowalczyk et al., 1985) . The total serum IgY concentration in hens can be an indication of health status, fitness, and nutritional state (Kitaguchi et al., 2008) . In humans, during helminth infection, antibodies such as IgE and IgG1 are elevated to mediate protective immunity (Harris and Gause, 2011) . In poultry, experimental infection with A. galli has been found to induce both cellular and humoral immunity (Marcos-Atxutegi et al., 494 2009; Schwartz et al., 2011) . However, while serum IgY is elevated during A. galli infection, it may not provide adequate protective immunity to prevent an infection (Norup et al., 2013) . Adaptive immune responses to A. galli can be detected within 2 wk post infection (PI) (Schwarz et al., 2011) . During that period, an infiltration of both CD4+ and CD8+ positive T-cells to the site of infection has been observed (Schwarz et al., 2011) . However, limited information describing the dynamics of the immune response caused by different levels of A. galli infection and possible consequences on the host energy reserves is available.
The aim of this experiment was to measure the impact of different levels of A. galli infection on hen performance as measured by assessing egg production, feed intake, body weight, egg weight, and immune response as measured by anti-A. galli IgY antibody levels in hen serum and egg yolk, as well as intraepithelial lymphocytes in the intestinal epithelium.
MATERIALS AND METHODS

Animal ethics
All experimental procedures were approved by the Animal Ethics Committee of the University of New England, . Hens were housed in accordance with the Model Code of Practice for the Welfare of Animals, Australia (CSIRO, 2002) .
Hens and housing
Two hundred 17-week-old Lohmann Brown laying hens were obtained from a commercial pullet rearing facility. The hens were randomly assigned to 20 identically constructed pens, with 10 hens per pen. The pens were equipped with one gravity filled round feeder, one bell drinker, 2 wooden nest boxes, and 2 wooden perches of 1m length. The indoor area was divided into 9 m 2 of a slat floor and a solid floor of 1 m 2 covered with wood shavings. Lighting programs followed breeder recommendations (Ruhnke, 2015) . Hens were individually numbered using leg bands and provided with ad libitum feed (commercial top layer mash, Barastoc, Ridley, Australia) and water. The hens were treated with Levamisole (4 mL/hen in drinking water) on the d of arrival and kept in the hen houses for 2 wk until acclimatized before being released onto the ranges. The pop hole doors were opened every morning at 8 am and closed between 5 and 6 pm in the evening, allowing hens to access the ranges for a minimum of 9 h every day. Each housing unit covered 10 m 2 range area, according to the minimum industry Australian standard of 10,000 hens/ha (CAF, 2016).
Experimental design
The experiment employed a stratified randomized design with 5 replicates for each of the 4 treatments. Hens of treatment group 1 served as controls, and the relevant hens were sham infected, receiving an oral dose of 3mL saline (0.9%). Hens of other treatment groups were orally inoculated with different doses of embryonated A. galli eggs, with hens of treatment group 2 receiving a low dose (250 A. galli eggs/hen), hens of treatment group 3 a medium dose (1,000 A. galli eggs/hen), and hens of treatment group 4 a high dose (2,500 A. galli eggs/hen). Hens were inoculated at 19 wk of age with a total dose (as described above) given as 6 applications over the duration of a 2-week time period using an inoculation method as previously described by Sharma et al. (2016) .
Preparation of infective oral inoculums
To prepare the embryonated A. galli eggs for hens in treatment groups 2 to 4, mature A. galli nematodes were collected from the intestine of naturally infected laying hens from a commercial farm. Infective material was prepared as method described by Ruhnke et al. (2017) . Details in Supplementary File (i).
Detection of infection intensity
Infection intensity was measured in hens by assessing A. galli eggs in the excreta at different time points PI. Fresh excreta samples were collected from the floor of individual pens at 8, 11, 15, and 20 wk PI, and excreta samples assigned to individual hens were collected directly from the coprodeum (n = 80) at necropsy (20 wk PI). The number of A. galli eggs was evaluated in samples using a modified McMaster flotation method (MAFF, 1986) . Briefly, 4 grams of excreta were weighed and placed in a 60mL McMaster jar with 10mL of water, and the samples were soaked for 30 minutes. Following soaking, the samples were ground, saturated NaCl solution was added to a total volume of 60mL, the solution stirred, and the suspension loaded into McMaster egg counting chambers (0.3mL); eggs were counted using a microscope at 40x magnification (stereo compound microscope Olympus CX31, Tokyo, Japan). Ascarid (A. galli and potentially Heterakis gallinae, Capillaria spp., and Trichostongylus spp.) eggs were counted separately based on morphology.
A. galli worm count from the intestine
The visible adult worms in the intestine were counted manually. The small intestine (duodenum, jejunum, and ileum) and the cecum were collected from 3 hens per pen (n = 60) selected at random to determine immature stages of A. galli, and the number of any other helminth parasites present. The immature worms were recovered from the intestine by a method adapted from (MAFF, 1986) . Briefly, the intestinal content was rinsed through a 1,000μm metal sieve and collected on a 250 μm sieve for immature worm counts by microscopy at 40x magnification (stereo compound microscope Olympus CX31, Tokyo, Japan).
Detection of A. galli specific IgY antibody in blood serum and egg yolk
To measure circulating IgY against A. galli, serum was collected from the wing vein of all hens (n = 200) before infection and at 6 wk PI. At 6 wk PI, the mean serum optical density (OD) values calculated for control, low, medium, and high infected hens were 0.43±0.06, 0.95±0.06, 0.89±0.06, and 1.14±0.06 respectively. Four representative hens per pen (hens from each group having ELISA OD value closest to their group means) were then chosen for continuously monitoring, and serum samples were collected at 11, 16, and 20 wk PI. The same individual 4 hens were sampled on each occasion.
To measure the A. galli specific IgY antibodies in egg yolk, 6 eggs per pen were collected at random at 11 and 20 wk PI. The yolk was extracted and weighed and an equal volume of distilled water added; the solution was mixed and stored at −20
• C until further analysis. To prepare antigen for coating of ELISA plates, A. galli worms were collected from spent hens at commercial farms after slaughter at 72 wk of age. Blood samples also were collected from hens and serum extracted and stored at −20 • C (as described above) for use as positive control samples in future ELISA assays. Female adult worms were separated and stored frozen at −80
• C until processing. Approximately, 3g of worms were mixed with phosphate buffer saline (PBS) and homogenized with an Ultra Turrax R (IKA, Guangzhou, China) for 90 s, then centrifuged at 5,820 × g for 30 min at 4
• C. The protein concentration of the A. galli antigen preparation was determined to be 5 mg/mL using a Pierce BCA Protein Assay kit (Thermo FisherScientific, Carlsbad, CA). The antigen prepared was mixed well and split into aliquots and stored at −80 • C to be used to coat plates for the ELISA assay.
The ELISA assay procedure used was developed based on the method of Norup et al. (2013) with slight modifications as described by Ruhnke et al. (2017) . Details in Supplementary File 1 (ii). 
Fluorescence cytometric analysis
Measurement of performance
Average feed intake per pen was measured by subtracting the residual feed from the total feed offered at 20, 25, 35, and 40 wk of age. Individual body weight and egg weight also were also measured at 20, 25, 35, and 40 wk of age. Eggs were collected daily to record the numbers and egg weights until hens were sacrificed at 40 wk of age. Productivity (eggs/hen/d), egg mass (egg weight multiplied by hen d production), and FCR (feed intake divided by egg mass) were calculated at each time point.
Liver lipid measurement
Whole livers were collected from all hens (n = 199) at necropsy and stored at −20
• C until analysis. For liver fat measurement, liver samples (n = 80) were randomly selected from hens of all groups (control, low, medium, high, n = 20 per group). Liver lipids were extracted using a Soxhlet apparatus as described by Folch et al. (1957) . The liver samples were thawed, and 20±0.5 g of the subsamples were cut and freeze dried (Christ, Alpha 1-2 LD plus, Osterode am Harz, Germany) for 72 hours. Samples were then oven dried at 50
• C for 48 h and weighed. They were then ground and wrapped in No. 1 Whatmann filter paper of size 185 mm (Sigma, Aldrich, St. Louis, MO, USA) and packed in a Soxhlet basket. The Soxhlet unit was assembled in a fume cupboard, a 5L solvent flask was filled with chloroform, and the basket containing the liver samples was placed in the Soxhlet chamber. After 72 h of ether extraction, samples were dried in an oven at 80
• C for 24 hours. The liver lipid content was then calculated by multiplying the liver lipid proportions by the liver weights.
Statistical analysis
Statistical analysis of the data (feed intake, body weight, FCR, liver fat, liver weight, intestinal A. galli worm burden, A. galli eggs in hens excreta, and serum and yolk antibodies) were performed using JMP statistical software v. 8 (SAS Institute Inc, Cary, NC). The pen was considered the experimental unit. For the parameters measured once, data were subjected to a one-way ANOVA to test the effect of treatments. For parameters measured over time, data were subjected to a two-way ANOVA with repeated measures using JMP statistical software v.8, and differences among group means were analyzed by applying Tukey's HSD test at a probability level of 0.05. Fixed effects used were treatment, age, and their interation. To compare the group differences in parameters between infected and non-infected groups, a t test was used. Ascaridia galli egg count and worm count data were not normally distributed and thus were cube root transformed before analysis. Antibody level before infection (baseline) was fitted as a covariate when analyzing antibody levels PI. Pearson correlation coefficients and associated significance were generated using JMP software to determine the relationship among excreta egg count at the pen level, performance parameters (feed intake, FCR, egg production, and egg mass), and serum IgY. + or double positive compared to isotype controls were gated and quantified. Statistical analyses of flow cytometric data were performed using Prism version 5 (GraphPad, Inc., CA, USA).
RESULTS
Excreta egg counts at different time points post infection
Pen level excreta egg counts at different time points PI are displayed in Figure 1 . A. galli eggs were first detected in the excreta at 8 wk PI when counts were 10 ± 1.0 eggs/g, 400 ± 176.0 eggs/g, 1,150 ± 248.0 eggs/g, and 1,400 ± 457.0 eggs/g excreta in hens of control, low, medium, and high treatment groups, respectively. The numbers of A. galli eggs detected in the excreta increased at 11 wk PI were 70 ± 0.0 eggs/g, 2,180 ± 1158.0 eggs/g, 2,810 ± 829.0 eggs/g, and 5,410 ± 350.0 eggs/g, P < 0.05, decreased at 15 wk PI (0 eggs/g, 1,090 ± 541.0 egg/g, 1,270 ± 397.0 eggs/g, and 1,250 ± 350.0 eggs/g, P < 0.05), and at 20 wk PI were 20 ± 2.0 eggs/g, 366 ± 117.0 eggs/g, 360 ± 122.0 eggs/g, and 790 ± 338.0 eggs/g, P < 0.05 in hens of control, low, medium, and high infection groups, respectively.
Effect of A. galli on performance of free-range laying hens
The effects of A. galli infection on feed intake, body weight, egg production, egg weight, egg mass, and FCR measured at 20, 25, 35, and 40 wk of age are displayed in Table 1 . Infection level did not impact feed intake or FCR (P > 0.05). However, for egg production and egg Means in each column for each treatment with different superscripts differ significantly for each time point (P < 0.05).
Treatments are: Ctrl = control, Lo = Low, Med = Medium, and Hi = High.
1 Effect of treatments on egg weight was significant with low infection group hens having lower egg weight than high infection group hens (P < 0.05). Table 2 mass, an interaction between treatment groups and age were observed. In infected hens, production was significantly lower (P < 0.01) in low infection group hens as compared to other groups at 20 wk of age. At that age, productivity was 86.0 ± 1.62 % in control group hens, whereas it was 58.6 ± 1.62 %, 83.1 ± 1.62 %, and 84.3 ± 1.62 % in low, medium, and high infected group hens, respectively. Similar to observations for egg production, egg mass at 20 wk of age was significantly lower in the low infected group hens (33.8 ± 0.85g) compared to the hens of other treatment groups (P < 0.01) in which egg mass was 49.2 ± 0.85 g, 48.4 ± 0.85 g, and 49.7 ± 1.86 g, respectively, in hens of control, medium, and high infection groups. Egg weight was lower (P < 0.001) in the low infection group compared to the high infection group.
Effect of A. galli infection on infection intensity, relative liver weight, liver fat content, and intraepithelial lymphocytes response
Compared to uninfected control hens, infected hens had significantly higher numbers of adult A. galli worms detected in their intestines at necropsy at 20 wk PI (P < 0.01, Table 2 ). The mean adult worm count in the hens of the control group was 2.5 ± 0.8 worms/hen, whereas it was 8.61 ± 1.17 worms/hen, 12.51 ± 2.97 worms/hen, and 6.31 ± 2.23 worms/hen in low, medium, and high groups, respectively. Although 29 control hens (58%) were diagnosed with A. galli infection, 80% of the mature and juvenile worms were isolated from 22% of the control group hens, including one hen with 38 of the 126 A. galli worms. In contrast, hens of the artificially infected groups had a worm prevalence of 92% (low) and 78% (each of the medium and high treatment groups), and the proportion of birds with 4 or more worms was 53, 64, and 50% for hens of low, medium, and high groups, respectively. Therefore, while the anthelmintic treatment regime did not completely control A. galli in the control group as evidenced by adult worms detected in the intestine at necropsy, the infection levels detected in that group were much lower than in infected group hens, as evidenced by the generally lower worm counts for individual hens in the control group. The mean A. galli egg count from the coprodeum content was significantly higher in hens of the infected group (605.1 ± 123.1 eggs/g, 1603.0 ± 411.0 eggs/g, and 803.1 ± 147.1 eggs/g in low, medium, and high, respectively) compared to those of the control group (170.1 ± 89.3 eggs/g, P < 0.01).
Correlations between parasite burden, as indicated by adult worm count at necropsy, and FCR (pen level), feed intake (pen level), body weight (individual bird), and liver weight (individual bird) were estimated. Similarly, correlations between A. galli egg count in excreta (eggs/g wet weight, WEC) excreta/g wet weight (WEC) at the pen level, FCR, feed intake, average daily gain, egg weight, egg production, and egg mass measured at pen level was estimated for their correlation (Table 3 ). The highest correlation coefficients (r), 0.44 (P = 0.05) and 0.46 (P = 0.04), were for WEC on feed intake and FCR at 20 wk PI. Therefore, there was little evidence for a linear relationship between parasite burden and bird performance parameters observed during the experiment.
The correlation coefficient between adult A. galli worm counts and A. galli egg counts in the excreta at the final time point was 0.78 (P < 0.001) (Figure 2) , indicating a strong linear relationship between the 2 measures of parasite burden. Because of the use of anthelmintics in the control group, data from the infected birds alone were used to investigate this correlation.
No effect of parasite infection on body weight or eviscerated body weight was observed at 40 wk of age. Liver weight was significantly higher in hens of the medium infected group (45.3 ± 0.87g) compared hens to control, low, and high (41.7 ± 0.68g, 42.4 ± 0.93g, and 43.95 ± 0.84g, P = 0.02, respectively). However, liver weight relative to body weight was similar in hens of all groups. Similarly, there was no difference in liver fat content of control, low, medium, or high infected hens. Intestinal intraepithelial CD4 + and CD8 + lymphocyte populations were monitored during the A. galli infection using flow cytometry (Table 2) . No significant differences among hens of any treatment groups were observed.
Effect of different levels of A. galli infection on serum antibody (IgY)
Analysis of serum anti-A. galli antibody levels showed that the effect of treatment group on serum antibody was dependent on age (treatment by time interaction, P = 0.002) as shown in (Figure 3) . Hens of the control, low, medium, and high groups had similar and low OD values pre-infection (0.59 ± 0.05, 0.67 ± 0.05, 0.69 ± 0.05, and 0.57 ± 0.05, respectively). At 6 wk PI, OD values were significantly higher in hens of the high infection group [1.14 ± 0.05 compared to control (0.43 ± 0.05)] but similar to the hens of low (0.95 ± 0.05) and medium (0.89 ± 0.05) groups. At 11 wk PI, hens of all treatment groups had similar OD values. At 15 wk PI, hens of the medium infection group had higher values (1.10 ± 0.06) compared to the control group (0.36 ± 0.06) but similar to other groups. At 20 wk PI, hens of the same medium infection had higher OD (1.92 ± 0.06) compared to low (1.58 ± 0.05) and control (0.49 ± 0.05) but similar to the high infection group (1.91 ± 0.06). At this age, infected hens had significantly higher antibodies compared to other ages. Anti A galli IgY antibodies in serum could be detected even before the hens were infected likely due to previous exposure to A. galli or the influence of maternal antibody.
Effect of different levels of A. galli infection on yolk antibody IgY
The levels of anti-A. galli antibodies detected in yolk samples are displayed in Figure 4 . At 11 wk PI, hens of high and medium infected groups had significantly higher antibody levels in yolk (OD 0.57 ± 0.16 and 0.70 ± 0.12, respectively) compared to the hens of control and low infection groups (OD 0.36 ± 0.09 and 0.51 ± 0.11, respectively) (P < 0.01, Figure 4) . At 20 wk PI, hens of low, medium, and high infected groups had significantly higher yolk antibodies (OD 1.25 ± 0.16, 1.17 ± 0.12, and 1.57 ± 0.16, respectively) compared to the hens of the control group (0.53 ± 0.12) (P < 0.05), but no difference was observed among the 3 infected treatment groups-low, medium, or high. The yolk antibody levels observed at 20 wk PI (OD 1.14 ± 0.12, P < 0.01) were significantly higher than those observed at 11 wk PI (OD 0.53 ± 0.09).
DISCUSSION
In this study, the effect of different levels of A. galli infection on the performance (feed intake, egg weight, egg mass, FCR, and egg production) and immune response (serum and yolk IgY) in free-range laying hens was investigated. Liver fat also was extracted and analyzed as an indicator of energy reserve depletion associated with A. galli infection. In the present study, Lohmann Brown hens were enrolled in the study at 17 wk and were infected at 19 wk of age. This 2-week adaptation period was granted to reduce stress induced immune suppression (Shini et al., 2010) .
The various levels of A. galli infection had no significant impact on feed intake, body weight, or FCR. This is in contrast to the findings of other researchers (Gauly et al., 2007) where an increase in feed intake was observed to compensate loss of body weight and laying performance during A. galli infection. In this study, the majority of hens started laying eggs at 18 wk of age, suggesting that infection, at the levels achieved here, did not impact the onset of lay. However, lower infection group hens (hens infected with 250 eggs/hen) were found to have decreased egg production (58.6 ± 1.62%), compared to other treatment group hens in which production was over 83 ± 1.62% at 20 wk of age. No significant differences in egg production were observed among treatment groups at 25, 35, or 40 wk of age. This indicates that most of the hens of the low infection group might have delayed the onset of laying. This is in contrast to the studies performed by Permin et al. (1998) and Dahl et al. (2002) who observed no change in egg production or onset of egg laying when hens were infected by A. galli at 18 wk of age. Similarly, the same low infection group hens had lower egg mass (33.8 ± 0.85g) compared to control (49.2 ± 0.85g), medium (48.4 ± 0.85g), and high (49.7 ± 0.85g) group hens. Although decreased productivity in low infected group hens in this study resulted in decreased egg mass, no treatment group differences were observed in FCR.
A number of studies have reported reverse dose dependency for establishment of A. galli infection using oral embryonated eggs (Ackert and Herrick, 1928; Ikeme, 1971 Ikeme, , 1973 Permin et al., 1998) . Infection using a lower dose of 100 A. galli eggs per hen resulted in a higher number of worms in the intestines of hens than those infected with 250 and 1,000 A galli eggs (Permin et al., 1998) . However, inoculation of hens with different doses of A. galli eggs in the current study did not result in different infection intensities when assessed using excreta egg and intestinal worm counts. Therefore, the reason for the decreased production (in terms of numbers of eggs produced and egg weight) observed in low infection as compared to medium and high infection group hens is unknown.
The presence of A. galli eggs in the coprodeum content of control group hens indicates that the anthelmintic treatment applied was not effective in completely preventing A. galli infections. However, infection intensity was always lower in hens of the control group compared to hens of the infected groups. Within the artificially infected hens, there was no statistically significant difference in the number of A. galli eggs detected in the excreta (collected from each pens) infected at each of the various infection levels, suggesting that the infection level achieved in this research study did not impact the number of A. galli eggs shed. The A. galli egg counts measured at different times PI increased from wk 8 until wk 11 in all infected groups, but then declined after 15 to 20 wk PI. This pattern of A. galli eggs shed in excreta is comparable to those observed by Gauly et al. (2005) . The decrease in A. galli eggs shed with increasing age might be due to increased immune responsiveness to the parasite. This is also supported by the increased antibody levels in hen serum and egg yolk at 20 wk PI.
Liver weight was significantly higher in infected hens as compared to control group hens; however, the percentage of liver lipid was similar in infected vs. control birds. This result may have been influenced by the finding that hens from the control group were harboring some level of A. galli infection at necropsy despite regular deworming as an effort to eliminate parasites. The mean serum IgY level PI was similar in hens of all treatment groups. Serum A. galli IgY levels in hens did not increase PI (6 and 11 wk PI) except in hens of the high infection group. When baseline antibody levels were taken into account, serum IgY was higher in hens from the high infection group compared to control hens at 6 wk PI but similar to hens of low and medium infection groups. However, at 11 wk PI, antibody levels were similar in hens from all treatment groups. The presence of A. galli worms in control group birds at necropsy suggests at least some level of A. galli infection in these hens, which may have influenced this result. The possible explanations for this observation may be: first, the detection of anti-A. galli antibody at the beginning of the experiment may be the result of exposure of pullets to A. galli during the rearing phase or may represent maternal antibody. Second, many of the infected hens showed an increase in antibody followed by a decrease, but the dynamics of responses varied between individuals within treatment groups. Antibody IgY in hens has a shorter half-life, ranging from 36 to 65 h (Patterson et al., 1962) compared to mammalian IgG (Schade et al., 2005) . This short half-life may cause fluctuations in plasma concentration over time (Patterson et al., 1962) . Analogous to the crossplacental transmission of mammalian IgG, transfer of IgY occurs from hens' serum through yolk to the circulation of the embryo (Rose et al., 1974) . IgY is a major serum antibody of avian that is transferred from the maternal bloodstream to the egg yolk, mediated by oocyte membrane receptors (Tian and Zhang, 2012) . Moreover, Rahimian et al. (2017) reported that there is a strong correlation (r = 0.89) between plasma and egg yolk concentrations of IgY in A. galli infected hens. In the current study, worm burden at necropsy was not significantly correlated with serum antibody levels (r = −0.11) but had a moderate correlation with yolk antibody (r = 0.36). For these reasons, the egg yolk samples may provide better indication of A. galli infection.
The infected hens are accumulating more anti A. galli IgY in the egg yolks (OD 1.3 ± 0.1, 1.2 ± 0.1, and 1.6 ± 0.1 in low, medium, and high, respectively) compared to the non-infected control (OD 0.5 ± 0.1) at 20 wk PI. Antibody levels detected in yolk in the current study can be considered as indicative of the potential of A. galli specific maternal antibody transfer (Carlier and Truyens, 1995) . However, Rahimian et al. (2017) reported that there is no protective maternal immunity passed on to chicks against A. galli infection. The chicks descending from infected and non-infected mothers had similar infection intensities (Rahimian et al., 2017) . The high level of antibodies in the egg yolk of infected hens observed in this study might be due to the transport of IgY from the serum to the yolk by a selective IgY transport system that recognizes its Fc region present in avian ovarian follicles (Kitaguchi et al., 2008) . In Japanese quail, transportation of an antibody from blood to yolk is selective for IgY over IgM and IgA (Kitaguchi et al., 2008) , suggesting monomeric Igs transport to avian ovarian follicles was higher than polymeric Igs.
Intestinal intraepithelial CD4 + and CD8 + lymphocyte populations were similar in all the hens (infected vs. control). This was in contrast to the findings by Schwartz et al. (2011) who observed a 5-to 6-fold increase in CD4 + T helper and CD8 + cytotoxic intraepithelial T-cells in gut mucosa 2 wk PI in A. galli infected hens compared to non-infected hens. This level then declined in later stages. In this study, assessment of intestinal intraepithelial lymphocytes was performed at the end of the experiment, 20 wk PI at a time when the infiltration of these lymphocytes into gut tissues may be declining, potentially explaining the contrasting results observed in these studies. Further studies with resistant and susceptible chicken lines would be valuable to improve our understanding of the role of these cells in the intestine during the course of infection. Earlier necropsy times might be taken into consideration to assess the immune reactions.
In conclusion, data demonstrating egg production, development of both anti-A. galli antibodies in serum and yolk as well as infiltration of intestinal lymphocytes against A. galli infection have been obtained. Different levels of A. galli infection resulted in similar infection intensity and immune responses in the host. Differences in yolk antibody titers between infected laying hens compared to the control hens suggest that egg yolk might be a more sensitive and reliable indicator of infection with A. galli compared to serum antibody.
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